Coherent tunable terahertz generation was demonstrated in periodically poled stoichiometric lithium tantalate crystal via difference frequency generation of femtosecond laser pulses. Simultaneous forward and backward terahertz radiations were obtained around 1.35 and 0.63 THz, respectively at low temperature. By cooling the crystal to reduce losses caused by phonon absorptions, the generated THz bandwidth was as narrow as 23GHz at the center frequency of 0.63 THz. The measurement result of temperature-dependent showed gradual intensity increase of the generated terahertz pulse and red shift of the center frequency as the temperature decrease from 291 to 143 K, but insignificant reduction of the spectral bandwidth. Furthermore, the stoichiometric crystal was very suitable for the suppression of THz loss at low temperature compared to the congruent LiNbO3 crystal.
I. INTRODUCTION
Coherent terahertz (THz) radiation source has many potential applications such as spectroscopy, imaging, medical diagnostics, gas sensing, and astronomy [1] [2] [3] [4] . Based on an ultrafast femtosecond (fs) laser two main methods are using for the generation of the ultrafast electromagnetic radiation in the THz range. One is high -speed photoconductive switching using a dipole antenna and the other is optical rectification (OR) using a nonlinear crystal.
Recently, an alternative approach for the tunable narrow-band THz generation which had multi-cycles or arbitrary wave forms was demonstrated using a periodically poled nonlinear crystal [5] [6] . For the generation of multi-cycles of THz waves the main idea was to use the group velocity mismatch between the optical and THz waves in the periodically poled structure. In the medium the optical and the generated THz pulses will be separated after a walk-off length and then the optical pulse will lead the THz pulse by the optical pulse duration. If the poled domain length is comparable to the walk-off length, each poled domain contributes to the THz radiation independently. Because of the periodic reversed sign of the nonlinearity at each domain, the generated THz waves also had reversed wave forms alternatively.
In this work, we achieved simultaneously forward and backward THz generation by difference frequency generation (DFG) of a broadband fs laser, which allows the generation of narrow-band and multi-cycles THz wave forms. Generally to make THz radiation by DFG process, two laser sources have to be used at very close frequency in nanosecond (ns) pulse or continuous wave [7] [8] . However, an advantage of this work is that only one pump laser such as a mode-locked fs laser which has several different frequencies was used for THz generation. The difference of frequencies among optical waves within the spectral range directly corresponds to the generated THz frequencies, and the grating wavevector of the poled crystal could be satisfied by simulTemperature Dependent Terahertz Generation at Periodically … -N. E. Yu et al. taneous forward and counter-propagating backward THz radiations by the wavevector conservation. Up to now, simultaneous measurement of the forward and backward THz generations in periodically poled nonlinear crystals was hard because of the low intensity and the high absorption loss of the backward signal. Here, we clearly observed both forward and backward THz radiations in the periodically poled stoichiometric lithium tantalate (PPSLT) for the first time, owing to the low defect density of the stoichiometric crystal [9] . Additionally, we proved the origin of narrow band THz radiation in the periodically poled structure by not OR but DFG process [9] [10] .
II. DIFFERENCE FREQUENCY GENERATION AND EXPERIMENTAL SET-UP
A broadband mode-locked fs laser pulse, which consists of several different frequencies such as ω1 and ω2, can induce the difference of the frequencies such as, ωTHz (= ω1 -ω2), assuming ω1 ＞ ω2 in a nonlinear crystal. The generated THz frequency by DFG process can be described as follows: [9] [10] is the grating wavevector of the periodically poled crystal, respectively. When we select ω 1 as a center frequency of a fs pulse, the DFG frequency can be varied according to ω 2 frequencies within the bandwidth of the fs pulse. And the grating wavevector of the poled structure precisely determines the THz frequency among the various DFG frequencies as the result of the phase velocity matching condition. Fig. 1 shows the calculated result of the THz frequency as a function of the domain length using reported material dispersions [11] [12] at the center wavelength of pump laser of λ=800 nm.
It was hard to explain by the OR which was described in some previous reports [5] [6] . The frequency ω2 which is involved in the backward interaction of the DFG is always a little higher than that of the forward interaction so the grating wavevector of the crystal contributes to the opposite direction of the pump pulse. As a result, the backward THz radiation always occurs at shorter frequency compared to the forward because of the wavevector conservation. Therefore, by the two simultaneously conserved wavevector conditions THz radiations could be generated in both forward and backward directions as shown in Fig. 1 . In the calculation the contributed frequency ω2 was 374.4 THz for the backward and 373.6 THz for the forward at the fixed frequency ω1 of 375 THz with the periodic poled domain length of 30 μm at room temperature. Fig. 2 shows the experimental setup for THz generation at low temperature and detection by time-domain measurement. As the fs pump laser, a Ti:sapphire oscillator system (Mira-900, Coherent) with a repetition rate of 76 MHz and a pulse duration of 190 fs was utilized at the center wavelength of 800 nm with the spectrum bandwidth of 7 nm. The collimated pump beam with input power of 0.5 W was divided into two beams and the transmitted main beam was focused into the sample. The reflected pump beam with power about 1 mW was used as a probe beam for the THz detection through time-delay. The PPSLT sample was mounted on the homemade cold finger of a cryogenic system for low temperature operation. The emitted THz radiation was collected and focused by two off-axis parabolic mirrors onto the detector. The detector was a low temperature grown GaAs photoconductive antenna with a typical dipole gap of 5 μm. The stoichiometric LiTaO3 crystal used was grown by the double-crucible Czochralski method [13] . Because of the significantly lower coercive field to make the periodically poled structure into the stoichiometric crystals, the 2 mm-thick PPSLT device was achieved by the electrical poling method [14] .
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
Schall and co-workers had reported the optical properties of LiTaO3 and LiNbO3 crystals from 0.1 to 3 THz [12] . They investigated the refractive index as 6.5 and the absorption coefficient as 70 cm -1 at 1.3 THz in congruent LiTaO3, respectively. According to their report the main origin of the THz losses was the lowest transverse optical (TO) phonon resonance and higher order phonon process. The TO phonon could decay by coupling to weakly Raman-active relaxational modes and by scattering at crystal defects [15] . The TO coupling to low-frequency modes was weaker at low temperature. So cooling of the crystal was expected to suppress the THz absorption strongly.
The experiment was performed from room temperature to 130 K using liquid nitrogen and a vacuum chamber with cooling system. The measured THz signals in time -domain and corresponding spectra were shown in Fig. 3 . As a first step we observed the THz waveforms with multi-cycles which were strongly attenuated through the propagation along the crystal length at T=291 K. However, at the next step the attenuated THz signal was recovered at lower temperatures from T=203 K to T=143 K. Furthermore the generated THz waves of each domain were clearly obtained and also two different frequencies were observed. At T=143 K, the generated THz waveform consists of 33 cycles with almost equal amplitudes. The 33 PPSLT domains (2-mm long with the periodically poled period of 60 μm) contributed to each cycle of generated THz waveform independently. Compared to the room temperature measurement, the spectrum bandwidth was narrowed while signal power was increased. Moreover, the counter-propagated backward signal was measured at lower frequency as well delayed in time without attenuation.
Due to the large refractive index of the material at THz frequency range, we could measure the reflected backward THz signal at the front side. The counterpropagating THz signal should be delayed in time compared to the forward THz signal as much as the group velocity; 12 ps/mm of the crystal. The Fourier transformed spectra of Fig. 3 show both forward and backward THz generations of 1.35 and 0.65 THz, respectively, at the temperature T=143 K. The result is close to the expected frequency of THz radiation in the calculation result (see Fig 1) . The THz spectrum bandwidth can be estimated as Δυ=2 υ/N, where υ is the center frequency and N is the total number of domains. The spectrum bandwidth was as narrow as 33.7 GHz at T= 143 K and it became narrower at low temperature at the center frequency of 1.35 THz.
Here we used only one QPM period of 60 μm at PPSLT. If we change the QPM period from 30 to 80 μm the generated THz frequency can be tuned from 1.0 to 2.0 THz as shown in Fig. 1 at the forward direction. Ito and co-authors already reported the continuous THz -wave generation using a slanted-PPLN, and they demonstrated tunable THz-waves depending on QPM period [7] . Recently we also reported the tunable THz generation using a periodically poled fan-out structure in a LiNbO3 crystal [16] .
As shown in Fig. 3 , the generated THz amplitudes, both forward and backward propagating, were dramatically increased as temperature decreased. Amplitude of THz signal of the forward propagating at T=143 K was about 3 times larger than that at T=291 K. It implies that the THz power could be about 9 times higher at the low temperature. For absolute power measurement of the generated THz-waves a Si-bolometer around 4 K is under preparation. The bandwidths of the spectra were 33.7, 33.8, and 40.0 GHz at T=143, 203, and 291 K, respectively. The small broadening of the THz spectrum was almost constant for the temperature below about 200 K, although the THz power increased substantially as the temperature decreased. It was also observed that the spectrum shifts to the red with decreasing Temperature Dependent Terahertz Generation at Periodically … -N. E. Yu et al. 203 temperature. The center frequency was 1.35, 1.33, and 1.26 THz at T=143, 203, and 291 K, respectively. The frequency shift caused by the interplay of the temperature -dependent refractive index and the thermal expansion [17] .
Note that THz absorption in congruent LiNbO3 is about twice lower than that of the congruent LiTaO3 around 0.5～2.0 THz at room temperature. So to reduce the attenuation of THz-wave the crystal should be cooled down over the limit of liquid nitrogen temperature of 77 K, thus the cooling system had to use liquid helium to keep the crystal temperature below to 19 K [6] . However, here we achieved the effective suppression of the THz attenuation at relatively high temperature of about 143 K. It was very convenient, using liquid nitrogen with low cost, compare to the previous work [6] . A significant reason is that the used stoichiometric crystal has significantly low defect density compared to the congruent one, which results in lower scattering loss on the THz propagation. To directly prove this effect we are planning to do the similar work using congruent LiTaO3 and will discuss later more detail.
IV. CONCLUSION
In summary, we have obtained simultaneous forward and backward THz radiations in PPSLT crystal. And analyzed the optical process of the THz generation by not OR but DFG. The generations of 1.35 and 0.63 THz with narrow bandwidths of 33.7 and 23 GHz, respectively, will make this a significant light source of coherent THz. At room temperature THz radiation was limited by THz absorption due to the TO phonon absorptions of the crystal. However, the THz absorption loss of the stoichiometric LiTaO3 crystal was significantly suppressed at relatively high temperature of 143 K using low-cost liquid nitrogen compared to the congruent LiNbO3 crystal which required high-cost liquid helium at extremely low temperature of 19 K. For potential application such as spectral density it is important that the narrow-band multi-wavelength THz source will be useful.
